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X, INTRODUCTION

The work pressntly supported by this NASA grant can be placed uader
two goneral hesdings: 1) Fundamental studies of vacuum ultraviolet
photosmizsion, and 2) Developmont of the new sxperimeatal apparatus end
technignes neceegsary to facilitate this work.

It was poseible to sztart hoth phasss of this work before the HASA
supoort was granted because of vemperary direct support granted by ARPA
through the Center for Mrterials Research at Stanford University and
hecause of avallakility of large items of reseaxrch apparatus furnishked
by the samy source, Witk the oneet of the NASA grant, work on CuBr,
Cul, CulCl, the alkeli halides, dSe, CdTe®, and othker II-VI compounds was
placed under it, Theze materinls were chosen since they are either
presgsently heing used in NASA progrems ss practical vltraviolet photo-
cathode materials or because thay show promige of being useful as uv
photocathodes . in the future. The prime object of the work is to use
photoowission and optical studies to determine the electronic band structure
of the materials., In order to do this, it is absolutely necessary to
determine fundamentels of the photoswission end; because of the details
of the experimsnts, that the effects of variaus vacuum conditions on the
photoemisaion from the meterials be understocd. In this process, it
should be possible to define the photoemission chavacteristics of these
materials much more precisely than has been possible in the past and to
make suggesticns as tc the ways in which optimum wv photocathodes may be

enginsgered,




In this yveport we shall cover fairly completely the wark on CdSe,
including a description of axperimentsl difficulties encountered with
the vecuum monochromator and the modifications used to overcame these.

It is anticipsted that the CdSe studies will be completsed and an article
written Jor publicaticn ﬁithin the next few months, Prsprints will be
made availadble at that time,

Eepregentative data fram Cul, CuBr, and CuCl 2re included in this
roport,. A& couprshensive report of this work will either be included in
the next somi-annual r@bort or by issued a8 a separate report before the
next seni-antital report is svailable,

Some inforwation omn instrumssntation and techniques are included here,
When it seems appropriate, separate reports will be issued on these
subjects.

Since the priancipal motivatvion of this work is the study of the
fundamentals of the electrcaic structuare snd photsemission from these
materials, certain espocts of the work which are of imwediate interest
to the users of practical uv photosmitters may not be strongly emphasized
in sections where the emphasis iz or reporting the basic work, To prevent
the lost of informution whichk may be of practical use, a section will be
included at the end of this report entitled "Poszibile Implications  for

Practical Photocathodes,"

II. WOBK ON CdBe

A, Introduction

The research reported here ia pert of a systewratic study of the pho-

toemiscior from II-VI corpounds, We ars using photoemission technigues



in order to determine the energy band structure of these materials,
Althougk our primary goal is8 the experimental determination of the band
structure, sdditional rasults include information concerning the funda-
mental processes by which light is absorbed and processes in which elec-
trons lose onergy thrbuzh scattering; thus they have strong implications
for practical photoemission applications, We present in this report the

results of photoemission sxperiments performed on CdSe,

B, Experimental Technliques

The photoemission experimenta have besen performed on cleaved single
crystals of hexagonal CdSe obtained from Clevite Corp. and SemiElements,
Experiments have been performed under var ious ambient pressures ranging
from 1o'h torr to 10_9 torr. All experiments utilized an ultra high
vacuum chamber desdribed by Kindig and Spicor.l A McPherson Model 225
vacuus- nonochramator was used, A sodium salicylate film was used as a
standard for moasuring reiative light intensity eossuming that the yield
of the film is conatant2 for photon energies between & andi 12 eV. The

absolute yield was measured with a Cs_Sb photo tube calibrated by w. E.

3
Spicer.

It seems abpropriate to mention here some of the difficulties which
we have overcomwe in the course of this research. By far the greatest
difficulty was a gradusl decrease in intsnsity of light from our vacuum
monochromator over a period of several months, The Bausch and Lomb
grating was being covered with a film of contamination, the source of
which was traced to the hycdrogen discharge lamp. This was verified by
inserting s glass disk near the discharge but between the discharge and
the grating. After running the lamp for about 3'hours, we removed the

glass and found a film &f contamination ¢n the side <f the disk nearest

the lamp.



Onece, balieving that we hed selved this problem, we inserted a new
gratizg into the vacuum system, Three hours later the light intensity
from the ygrating had fallen to 0.1 peorcent of its fomwer value, Ve
rasoved the grating and immecistely vinsed it with xylene, This succeeded
in campletely restoring the grating to its initiel condition. This is
not always posgilile. The gtﬂtiﬂé used prior to isolating the problem was
contaninated sbout ten timwes over a period of zeveral months. Each
time & nylene rinse improved tha condition of the grating somewhat, but
gradually ths intensiiy decrsased to about 0.5 psrcent cf that for a new
grating.,

¥e nave now succeeded in sliminating this difficulty throaugh the
folilowing corroctive measures:

1. ¥e use only ultra high purity gases in the lamp and zontinususly cold
trap the gas lino witk 1iquid nitrogen.

2. All rubber tubing in the gas input linre was replaced by copper tubing
and the gas control valves were placed at the arc inovut so that the

gas 1ine can be kept at atmospheric pressure,

3. Viton C-rings are used for all vacuum seals in the lamp. Although the
vacuur manufacturer’'s specifications called for neophreme O rings, we

found that sufficient heat was produced in the arc to decompose these,

4, We apply an absolute minimum of vacuum grease to the O rings seals,
particularly those nearest the discharge, Excess grease melts, flows

into the discharge and is vaporized,

C. Experimental Results

We present in Fig, 1 the speciral distribution of the gwantuw yield
for two =mamples of CdSe. The sample ¢leaved in low vasuun was exposed
to lo—u torr of hydrogen; the other sample was cleaved in a vacuunm of

approximately 10 J torr, The siffoct of the prssspce of gas is striking.



It producsd 1) a iowering of the slectron affinity by about one volt
rclative to that for the sample cleaved in the 10"9 torr vacuum, and 2)
a8 rise in yield for hv'§ O oV which reaches & finel valuv about four

times am iarge &8 the highest

“q

iald for the sample cleaved in high vacuum,
Later, using energy distribution data, we show that this is explained

by the sscape of secondary electrong produced by electron-electron scat-
tering of the primary photoslectirous.

In Figs. 2 through % we prasont onergy diztributions of the photo-
emitted alectrens fer the sample cleaved &t 100}4 torr, In Figs. 6 and
7, energy distyributions obtasined from the sample cleaved in high wecuum
ave presented. The zoero of electyon energy im these curves is taken to
be the top of tha vnlonce band, Rucspt for bv = 21.2 8V, all enorgy
distributions have besun normalized to the quantun yield, The area under
a8 given energy distribution is proportional to the quantum yield at that
photon anergy., The asdvantage of presenting the data in this manner 1is
that after the normalization the vertical gcale of an energy distribution
is calibrated in elecirons per incident photon per slection volt; Hence
we may compare the number of electruns excited to a givean final staste for
various photon energiea. The date presented here is plotted ia uaits of
10“2 electraon per photon per electron volt.

Most of the structure in the energy distribution datm can be under-
stood in terms of features of the conduction and valence band structure
and the matrix elements connecting this structure, ¥For example, for @
photon energy of 7.4 eV there is a strong tramsition from initial states
near ~1.6 eV to final states near 5,8 eV producing the peak at‘5.8 eV
in Fig. 2. We indicate with a dagger isbeled CBl the conduction band

density of states peak located usar 5.8 eV by means of these measurements,



For hy = 8.8 eV there is a strong transition from initial states near
~1.6 eV to final states near 7.2 eV. We indicate with a dagger labeled
CB2 the pesk of Qlectronu due to fins) states near 7.2 eV, This transi-
tion can be seen in both the samples (Figs, 2, 2, and 6)Y. For other
values of photon energy the peak of electrons due to initial states
nsar -1.6 eV is indicated by an arrow labeled VB. The energy of this

peak, as e function of photon energy, is given by
E=hv-1.6eV . (1)

¥or photon energies between T.4 and 10,6 eV there is a small peak

of electrons whose position in energy is given by
E =04 hv+ 2.7 eV , (2)

The location of this peak i8 indicated by the arrow labeled DI. For
hv = 7.4 eV this peak is due to transitions from valence band states

at -1,6 eV to the conduction band states mentioned previously at 5.8 eV,

FPor hy = 10,6 eV this peak is locoted at R = 7.2 eV,

s¥ = avSew W - o~ i )

tke same energy ss
the conduction band high density of states. The peak is not seen for
photon energies greater than 10.6 eV. The disappearance of this peak may
be the result of selection rules or the peak may be.masked by the large
number of slow electromns ohservaed in the energy distributions for photon
energies greater than 10,0 eV, In either case, the fact that the peak's
loéation changes by amounts less than the increments in photon energy is
1ndicativa of direct transiiiona.s

In Fig. 3 we find additional evidence of the presence of direct

transitions, For hv = 8.8 eV the peak of electrons VB coincides with the

peak of electrons CB2 since the states near -1.5 oV are coupled to final
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states near 7,2 eV, For higher photon energies the pesk VB moves in
accordance with Eq. (1). But the peak of electrons CB2 disappears from
the energy distribution for photon energies greater than about 9,6 ev,

If the photoemission were determined solely by the valence band and con-
duction band densities of states, then ona would expect& the amplitude

of the peak CB2 to he modulated by the valence band density of states at
T.2 ~ hv eV, but not to disappesr entirely, Hence we conclude that for

hv = 8.8 eV a large fraction of the elsctrons near CB2 results from direct
traasiticas,

For pheoiton energies greater than shout (0.0 eV a large peak of slow
clectrons appears in the energy distributions. As previously notes, the
quantuwn yield zlso bteging to rise for hv 2 10 eV for the low vacuum
cleaved sample., We believe that this rise is due to the escape of both
primary and secondary &lectrons when the primary photoelectroas are in-
elastically scattersd. From the energy distridutions it is apparent that
it is nussible for an elaectron to escape the semiconductor if 1t has an
anergy greater than sbout 5 eV, Hence 1t 1s possibie to have a scatlering
event in which both primary and secondary electrons escape tre senriconductor
when ths primary electron has an snergy greater tasn 10 8V, Since the
primary electrons are photogererated, we eupect these events ta occur
when tihe photon energy is grester than sboit 10 eV,

In Fig. 5 we presont the energy distribution of tne photiemitred
glectrons for hv = 21.2 3V, Many of the photoeloctruns have beea slestvroa-
electron scattered to states near the peak ir tre conduction band deusity
of stites €81, The penk of electrons larbsled B ar ax snergy of 11,4 ov
is belioved to be due to trooasivtions fram & Migh demsity of states at

-G, @Y in the walsncs bard., It Ls possible that these states arfse



-3 -

In Fig.s 6 and 7 we note that the electron affinity is approximately
a volt iarger for the high vacuun cleaved sasple than for the low
vacuuw cleaved samplea., Counseguently, the strong transition for hv =
7.4 eV is not observed here since the finsl state now lies in the
threshold region, As discussed above, the peask indicated by an arrow
VB 18 due to sxcitetion from a high density of states 1.6 eV helow the
top of the valencs band, For a photon energy of 8.8 eV, this high
dongity of states 1n the valence band i& coupled with final states at
7.2 eV in the conducticn band. The peak of elsctrons due to theso
states in the conducticn band i8 indicated by a dagger CB2. For photon
energies greater than 10.2 eV there is a shoulder in the energy distri-
buticenz lakeled S8 at an enargy of about 0.5 eV below the highest energy
electron., It appears that this shoulder is due to structure in the
conéuction band dengity of states, Note that the loss of high energy
electyons dua to inslastic scattering is definitely less In these

ssmples than in those cleaved in the pooror vacuusm,

IV, RIATION COF PHOTOEMISSION TQ BAND STRUCTJRE AND KEFLECTIVITY

We have established the presence of direct as well as rondirect
transitions in the photoemission of CdSe. Furthermore, since the peak
of electrons VB follows Eq,. (2) ovar such a large evergy range, it is
apparent that these electrons result from nondirect ttaustticnsh at most
photon energies, although the strong peak in the 8.8 ev energy distri-
bution cleariy has a stromg direct component. The same may be true

for the 7.4 eV peak.
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wWe feel that the photoemission data are consistent with the band
structura shown in Fig, 8. OBl is associated with the conduction band
states Fﬁ, Fl in onergy, and CB2 is assigned to conduction band states
T F6 in the conduction hand. For hv = 2,8 eV we observe direct

transiticons from states nesr F6 in the valence band to states near

F6 in tbe conduction beand., For hv = 7.4 eV the states near F6 in the

valence hend are coupled to states near [ Fl in the conduction band.

5)

Although we have demonstrated that the peak DT is evidence of direct
trangitions, at thig tine we aro not able to spscify the location in
the Brillouin Zone of the initial and final estates for bv > 7.4 eV,

For hy = 7.k eV the initial stutes esre near'Fé and the final states are

near Ft.), Tl.
The ultraviolet refliectivity of CdSe measured by Cardona is shown

¥

in Fig. Q. We assign the El peak 1o the reflectivity for hv = 8.€ eV to

transitions from states in the viciniiy of F6 in the conduction band,

-

2

This is in asgreemsat with the interpretations of Phillips” and Cardona.

On tive basies of the photcemission data we sssign the E_ peak in the

2

reflectivity for hv = 7.5 aV to.transitions from states in the vicinity

of F6 in the valence band to final states in the vicinity of [, in the

C‘)

conduction band, This peak in the reflectivity has not previously

been assigned to any region of the wurtzite Brillouin zone,
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Spectrel distribution of the gquantuwr yield
Energy distributicns for rample cleaved at
hv = 6.8, 7.4, 8.0, 8.4, 8.8 ev.

Enzrgy distributicns for sample cimaved at
hv = 8.8, 9.6, 10.0 eV,

Energy distributions fer sample cleaved at
hv = 10.0, 10.4, 11.0, 11.6 eV,

Energy distributions for sample cleaved at
hy = 21,2 eV,

Energy distributions for ssmpie cl2aved in
10 © torr; bv = 7.8, 8.2, 8.8, 9.4, 9.8 eV,

Energy distributions for sample cleaved in

{rom CdSe,

10 torr,
16 * torr;
lO_‘ torr;
10 torr;

& vacuum of

a vacuum of

1077 torr; hv - 6.8, 10.2, 10.5, 11.2, 11.6 ev.

Energy band structure of CdSe 28 inferred from photoemission

studies,

Reflectance of CdSe measured by Cerdona (Ref. 7).
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in Fip. 10 for the sewples preparad in good vaouum cooditions.

A compredensive raport on thess giudles girving wuch wors zosplete
enexgy distribution dsta will be prepared st a latexr date. Qurves giving
the vesults Irow Cul at Ly = 8.4, 308, aad 11.8 eV  are given ia Yigs. 11,
Lz, a2nd 13 g3 exerples of i regulixz obtzined In this work. In Plg. 14,
Aste cre prasentsad for o Cull semple which was gvijzcied 10 pooCTer vacuwm

covditions (Turvs 1) than that {or the saxpleos described ubave {Curve 2 in

Ueing the results of the photoamisgion and opticel studies, the
important features of the rand struciure and optical selection rules are

berng dedused for the cuprous halides, Very high valencs depnsities of

states sye found at ensrgies approximataly 4 eV less than the valencs

o

band maximum, 7This provides the strong psak seen at £ = 0.53 eV in Pig,
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Fig. 22 for Z 2> 1.32 e¥ 15 dus to transision frowm these states. The

vlactrony with E > 3.1 é in Fig 13 are siso dus to excitation irom
thowe stgtes. It anpeoazrs guile likely thet the high densities of states
ooated at 4.0 eV or wore below the valence bend meximum ars derived
privcipeily from the On d-bands. Further work 1is being done to find the
origin of tha gtotes within & e¥ of the velence baud edge. As part of
this investigetion, stwiies will be made of the alkali-halidss.

Thne data presented in Filg. 14 givez one sxemple of the effect of

I

soorer ¥souum conditions ov the photcemission from the cuprous halides.
Turve 1 was tzken Iyom & tube designed o that the window could be
remopved wlfter the OuC)l photocathods had been formed in a relatively good
vacuuwm. This was done so that the windaw could bs removed in the vacuum,
allowing measurement 0 be made at wavelengths bdelow 10350 X (the cutoff
of a LiF window).

in this way Curve 2 in Fig. 14 has heen extended to 810 ] (13.5 av).
The window was attached to the tube using & nsophrene "OY ring. Iis the
cutgassing prosess, it was moticed thet some decoapesition of the "G“
ring tock place producing a colorvless liquid, Adter the photocathode vas
cvaporatgd and tha tube was sesled off, it wzs placed in the vacuum
sonochromator and the wiadeow was removesd after s vacuum was obtained in
the moncchromator., 4As <can be soen in Fig. 14, marked changes were pro-
duced in the yield curves by the poorer vacuum. Unfortunately, it is
impossible 10 say what part ¢f the differences between Curves 1 and 2
is due to tha poorer vasuum conditions under which the cathode of 1 waa
formed and what part is due to the ef{fscts of the higher pressure (wlo’

Torr-~prineinally H?} to which surfacse 1 was exposed durisng Deasursments,



We are pow building tubes which will rewmove this subiguity. These are

Blgh vacuum fubas using nerasl Azll sea

Fa)
Bk

g Ior ha LiF wiandows. The
wirgows ars rountiod on Hin giass arme o that thay can he shegred off
in The vacuur TOROCAYOm&TOT. Hlth tnese tubss wa will moke measuremsnts
under gond vecuum, thom ahear 0If the wisdow and nile Respurements

ircluding chese for hv » 10,8 eV,
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The spectral diztribution of gquentum yisld for Cul, &uBr, and
CuCl sawple prepared under good vscuuw condutlons {prassure
<107 ¢ SN

The disirituticn in energy of the electrons emitter from CuCl
prepared in good vacuum fopr Av = 9.4 eV. The relative numbar.oz
electrens emiited per eV is plotied on the abscisse. The energy
of the emiitted aslectrons is plotted on the ordinate,

Enargy distribution from Cull for hv = 10 eV.

Energy distribution from Cufl for hv = 11.8 eV.

Spectral distvibution of quentum yield for CuCl sample preparsd

in good vacuum, prassure £ 10 © torr, curve {1); and in poor

vacaum, curve (2).
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IV, POSBIBLA ¥PLICATINE FOR PRACIICNL ¥V FROTDUATHODES

Toae effecty of vacuum condibices on the phetzomizsion found in theusa

. ) . 9
tpwsstigetions ars probsbly sorthy of mote. In studies ol CdBﬂ“

a5 well
a&vtha pamioondsctory reported bere, 1t bag hesn consistanily found that
axposure of & Qlean {cloaved) surfsas to foreign Joses {ususlly 02, ﬂz,
or eir) moves the pﬁutwe&iﬁziva threahnld toward longer wavelangtha. In
Cds sutffciaont data ie mvailablag’g 80 that & detziied comprrison can be
pade. For thds saterial, it appsars that exposure to relatively low
prﬁﬁﬁura'of gzs (for exemple the pradosinsntly Hz atmogphers of approxi-
nataly 16‘3 Torr of the vacume moposhromster; produces both the largest
incroase in yield éad the largest movemaynt of the thresheld ol respongs
toward longer wavelength., In both IdB8a (F!g“ 1) sad CdS the threshold
was reduced by slmost 1 eV (300 K) when the crystsl s clsaved in the
vacuun of tho menochrowmator, For both meierials the yield wag slso
Zound <o bava increosssd at all wavelemgtha. The energy distrikution
curves gave svidence of incrasssd enerzy lozs due to scattering, The
large gain in yisid in the CdSs aawple {?ig. 1) for hv > 8.0 &V seens
to be due to the escape of the sscondaries and primaries involved in the

5,10 It 1is also

alnctyon-slectron (paiw—prodmction}_scattering DEDCEBR,
possible that the fact that the yield of the CuCl zample prapsred

poor vacuum (Curve 1 - Fig. 14) rises above the yield of the supls

prepared under good vscuum copditions {Curve & - Fig. 14) for bv > i0.3 eV
iz due to the production snd eecape of secondaries.

" N £
Hhoreas, it sppears thui exposurs to a small amount of gea (6.8.,

267" wory) mey have a beneficisi sffent on the smisslon; it alao appesrs
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that exposure to & lorge amcuat ©f gas {z.g., simospheric p?ﬁﬁSUIO)
reduces thae yield coasiderable althoupgh i1 nay move ths threshold towerd
longer wavelesgth., I1I¢ also a9ews that axpesurs t9 gss rsduces tha

gsharpness of the long wavelongth cutoff,
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N. B. Kindig, Pn. 0. Disaspyiation, Stzaford University, 1964,
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E. Ipicer, Photuemissive Investigation of the CdSe
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